A series of listening tests with brief synthetic consonant-vowel syllables was carried out to determine whether the initial part of a syllable can provide cues to place of articulation for voiced stop consonants independent of the remainder of the syllable. The data show that stimuli as short as 10-20 ms sampled from the onset of a consonant-vowel syllable, can be reliably identified for consonantal place of articulation, whether the second and higher formants contain moving or straight transitions and whether or not an initial burst is present. In most instances, these brief stimuli also contain sufficient information 
INTRODUCTION
Theories of speech perception developed in the past 20 years have been based on the notion that there is a lack of one-to-one correspondence between attributes of the acoustic signal and the phonetic percept. This lack of invariance in the speech signal has resulted in a theory of speech perception that hypothesizes an active perceptual system in which the acoustic signal is interpreted at some higher level in terms of abstract features, possibly based on the speech-production system (Liberman et The notion that spectral analyses reveal distinctpatterns for individual phonetic features suggests that there may indeed be an invariance of acoustic patterns which can characterize place of articulation independent or'the following vowel. This concept of inv'ariance has been discussed by Cole and Scott (1974) , who proposed a model of speech perception "in which invariant and transitional cues are integrated in the direct perception of whole syllable units..." (p. 348).
The concept of invariance has been investigated recently in a series of studies using both synthetic and real speech. In the first study (Stevens and Blumstein, 
1978) a series of synthetic continua representing the phonetic categories [b d g] in the context of the vowels [ a i u] was analyzed in terms of the spectral character-
Nevertheless, although such acoustic invariance may be derivable from the acoustic signal, it is not clea• whether these onset spectra alone, independent of the transitions and steady-state vowel information, can provide sufficient information for the perception of place of articulation across vowel contexts. Recent work (Winitz et al., 1972; LaRiviere et al., 1975) suggests that this may indeed be the case. In these investigations of initial stop consonants, it was shown that presentation of the burst alone or the aperiodic portion of the consonant in natural speech utterances, results in good identification of the appropriate place of articulation as well as of the phonetic quality of the following vowel (Ohde and Sharf, 1977) .
In this study, we have attempted to determine whether just the onset of a synthetic consonant-vowel syllable can provide cues to the perception of place of articulation for voiced stop consonants. To this end, we synthesized a series of stimuli which systematically varied along specific parameters, and we presented these stimuli to listeners for judgments of consonantal place of articulation and vowel quality. We were particularly This question was addressed by obtaining vowel as well as consonant responses to the brief synthetic stimuli (experiment 4).
I. EXPERIMENT I A. Stimuli
Stimuli in all the experiments were generated using a computer simulation of a terminal analog speech synthesizer in which the tuned circuits for the vowel-generating portion were connected in cascade (Klatt, 1972) . The sampling rate for the synthesizer output was 10 kHz and the output was low=pass filtered with a cutoff frequency of about 4800 Hz. Two sets of stimuli were generated for experiment 1: a set containing a noise burst followed by a voiced portion of various lengths with formant transitions, and another set in which the formant motions were removed from the basic set. The spacings between successive pairs of glottal pulses, beginning with the first pulse, are 10, 9, 9, and 8 ms, respectively.)
All of these stimuli contained moving transitions. In order to assess the perceptual effects of onset information independent of formant motions, we generated a second set of stimuli containing the same burst frequency and onset characteristics of the previous set but no moving transitions. This type of stimulus is shown schematically in Fig. 2 . In all of these stimuli, the frequencies of the second and higher formants were constant throughout and were equal to the formant frequencies at voicing onset for each of the con- Table I ). The movement of F1 was retained in this series of stimuli in order to maintain the stop-like quality of the stimuli. The length of the voiced interval was varied as in the previous series from one to five glottal pulses, producing another 36 stimuli.
B. Subjects
Thirty-four students at Brown University served as subjects in this experiment. All were native English speakers rand had no known hearing impairments. 
D. Analysis of results
The upper, middle, and lower panels of stimuli, was found for both moving and straight transitions, indicating that it is not formant movements which are responsible for improved performance at the longer durations.
Rather, it appears that a longer time is necessary to generate an auditory representation that is interpreted unambiguously as a velar. It is as though the auditory representation of a spectrally compact, mid-frequency prominence does not exhibit the compactness property immediately at stimulus onset, and this property takes a Table I ). (Fig. 4) and those in experiment 1 with bursts ( Fig. 3) 
III. EXPERIMENT 3
On the basis of experiments 1 and 2 and other data, we have postulated that the primary cue for place of articulation is the gross shape of the short-time spectrum sampled at the onset. It has been further postulated that, under circumstances where the primary spectral cues are weakened or modified, a listener has the capability of resorting to secondary cues, some of which may be context dependent, in making a phonetic identification ( Table II .
The bursts for these continua were generated by appending a 5-ms noise segment to the starting frequencies of the formants and systematically adjusting the amplitude of the spectral peak associated with one for- i  900  2000  i  1800  2600  3200  i  800  2000   2  1010  2110  2  1833  2633  3317  2  933  2117   3  1120  2220  3  1867  2667  3433  3  1067  2233   4  1240  2340  4  1900  2700  3550  4  1200  2350   5  1350  2450  5  1933  2733  3667  5  1333  2467   6  1470  2570  6  1967  2767  3783  6  1467  2583  7  1580  2680  7  2000  2800  3900  7  1600  2700  8  1700  2800  8  2067  2833  3817  8  1567  2583  9  1680  2630  9  2133  2867  3733  9  1533  2467  10  1670  2460  10  2200  2900  3650  10  1500  2350  11  1650  2280  11  2267  2933  3567  11  1467  2233  12  1640  2100  12  2333  2967  3483  12  1433  2117  13  1620  1920  13  2400  3000  3400  13  1400  2000   14  1610  1750 cited by a 5-ms segment of noise, but the relative amplitudes of the bursts were systematically reduced from the endpoint amplitudes of stimuli 8 and 14 by 4-5 dB for each stimulus step. This basic set of stimuli consisting of 40-ms moving transitions was produced by excitation of the movingformant resonators by five glottal pulses (as in the 46-ms stimuli of experiments 1 and 2). Three other continua were derived from this basic set. In the second set, the duration of the stimulus was shortened, and was obtained by excitation of the resonators with two glottal pulses, giving an effective duration of 20-mSo The last two sets of continua consisted of the same durations, burst frequencies, and onset characteristics as the first two continua, but with no moving transitions (except for the F1 transition). As in experiment 1, the frequencies of the second and higher formants of these stimuli were constant throughout and were equal to the formant frequencies at voicing onset as given in Table II 
E. Phonetic boundaries
We now examine in more detail the responses to stimuli that are located near phonetic boundaries. As noted above, we are especially interested in the pattern of responses to these stimuli since the primary spectral properties corresponding to any one of the phonetic categories are only weakly defined, whereas there are still secondary properties which are potentially available to a listener. 
IV. EXPERIMENT 4
We have postulated that, for the brief stimuli used in experiments 1 and 2, the gross attributes of the spectrum at the stimulus onset remain invariant for a particular place of consonant articulation independent of context, and we have implied that the auditory system is predisposed to interpret the stimuli in terms of these gross attributes. The detailed characteristics of these brief stimuli are, however, dependent on the following vowel as well as on the consonant, as the descriptions in Table I The main conclusion to be drawn from the vowel identification experiments is that listeners are able to extract both consonant and vowel information from these brief stimuli that can be as short as one glottal pulse (together with an initial burst). One way of interpreting this finding is that the brief stimulus signals the identity of the syllable, which is processed by the listener as a unitary percept or a single event. Having identified the syllable, the listener is then able to indicate its consonantal and vocalic components. We would suggest that the identification of the syllable is based on two types of acoustic properties--certain attributes of the spectrum at the onset, and the final values of the formant trajectories--and that these properties are processed in parallel by the listener to yield the identity of the syllable. A stimulus as brief as 10-40 ms must be regarded, in effect, as a single event, and it is unlikely that the identification of the stimulus would consist of a sequence of two operations--identification of the consonant, based on the spectrum at the onset of the stimulus, followed by identification of the vowel, based on the spectrum at the termination of the vowel. A more plausible interpretation is that the stimulus as a whole signals to the listener the identity of the syllable, i.e., the features of both the consonant and the vowel. The particular spectral properties that are associated with different places of articulation have been discussed elsewhere.
It is important
For velar consonants, the spectrum has a compact prominent spectral peak in the mid-frequency range, whereas for labials and alveolars there is a diffuse spread of spectral energy. In the case of alveolars, this diffuse spectrum has a rising slope, whereas for labials it is fiat or falling. A result that emerges from the present study is that a velar tends
